Chromosome 3p was reported by previous studies as one of the regions showing strong evidence of linkage with schizophrenia. We performed a fine-mapping association study of a 6-Mb high-LD and gene-rich region on 3p in a Southern Chinese sample of 489 schizophrenia patients and 519 controls to search for susceptibility genes. In the initial screen, 4 SNPs out of the 144 tag SNPs genotyped were nominally significant (P < 0.05). One of the most significant SNPs (rs3732530, P ¼ 0.0048) was a non-synonymous SNP in the neuroglycan C (NGC, also known as CSPG5) gene, which belongs to the neuregulin family. The gene prioritization program Endeavor ranked NGC 8th out of the 129 genes in the 6-Mb region and the highest among the genes within the same LD block. Further genotyping of NGC revealed 3 more SNPs to be nominally associated with schizophrenia. Three other genes (NRG1, ErbB3, ErbB4) involved in the neuregulin pathways were subsequently genotyped. Interaction analysis by multifactor dimensionality reduction (MDR) revealed a significant two-SNP interaction between NGC and NRG1 (P ¼ 0.015) and three-SNP interactions between NRG1 and ErbB4 (P ¼ 0.009). The gene NGC is exclusively expressed in the brain. It is implicated in neurodevelopment in rats and was previously shown to promote neurite outgrowth. Methamphetamine, a drug that may induce psychotic symptoms, was reported to alter the expression of NGC. Taken together, these results suggest that NGC may be a novel candidate gene, and neuregulin signaling pathways may play an important role in schizophrenia.
INTRODUCTION
Schizophrenia (SZ [MIM 181500]) is a severe, common neurodevelopmental psychiatric disorder affecting nearly 1% of the human population [Sawa and Snyder, 2002] . Although the disorder has high heritability (around 80% as shown by twin studies) [Cardno and Gottesman, 2000] , the overall evidence from family and linkage studies indicates complex inheritance with the involvement of multiple genetic loci. Linkage and association studies have so far identified a few susceptibility genes of modest effect, including neuregulin 1 (NRG1), dysbindin (DTNBP1), and D-amino-acid oxidase (DAAO) [Harrison and Weinberger, 2005] .
Chromosome 3p is one region with evidence of linkage with SZ, first implicated by a genome-wide linkage scan [Pulver et al., 1995] which identified 3p and 8p to have the two highest LOD scores (2.34 and 3.00, respectively). Another linkage study on targeted chromosomal regions yielded a two-point LOD score of 1.5 in support of linkage to 3p [Maziade et al., 2001] . The best evidence of linkage to 3p came from the meta-analysis performed by Lewis et al. [2003] . This meta-analysis included data from 20 schizophrenia genome scans and employed a rank-based approach to combine evidence from different scans. The second bin on chromosome 3p showed strong statistical significance for linkage, ranking 2nd in the unweighted analysis and 3rd in the weighted analysis (in which each study was weighted by the square root of its sample size).
In this study, we attempt to screen chromosome 3p for susceptibility genes for SZ in a Southern Chinese sample of 489 schizophrenia patients and 519 controls. We decided to concentrate on the 47-53 Mb region of 3p, which has high levels of linkage disequilibrium (LD) and gene density (see Fig. 1 ). The region was interrogated by tag SNPs selected using a clustering algorithm [Ao et al., 2005] which has been further improved by using both LD and biological information in the selection process [Sham et al., 2007] . Using these tools, we have conducted a highdensity association study of this 47-53 Mb region of 3p to search for SZ susceptibility genes. Candidate genes that contain significant SNPs from this screen were then subjected to further exploration which included the genotyping of additional SNPs in these genes and their interacting partners.
MATERIALS AND METHODS Case-Control Sample
Four hundred eighty-nine patients with schizophrenia diagnosed by DSM-IV were recruited from mental hospitals in Hong Kong. Five hundred nineteen controls without serious mental disorders were recruited from the community. Details of sample collection can be found elsewhere [Chen et al., 2001] .
Assay Design and Genotyping
We employed the Sequenom MassARRAYÔ system for assay design and genotyping, using SpectroDESIGNER software version 2.0.0.17. Genotyping was carried out by primer extension and MALDI-TOF mass spectrometry. For quality control, 20 samples were duplicated and 4 negative controls were included in each 384-well plate. A successful assay was defined as one with (i) 90% of genotyping calls; and (ii) control genotypes not significantly deviating from the Hardy-Weinberg equilibrium (P > 0.01).
Initial Association Screen
For tag SNP selection, we downloaded genotype data on 1693 SNPs in the 3p region typed on the HapMap Asian population (JPT and CHB), data release 2005-03_16a_phaseI (Build 34). The CLUSTAG [Ao et al., 2005] program, which employs an agglomerative clustering algorithm, was used for the selection of tag SNPs, with the R 2 threshold set at 0.8. If a SNP failed in the assay design, it was replaced by the second best SNP within the same cluster. From the 814 common SNPs (those of minor allele frequency >5%), we selected 218 tag SNPs and successfully designed genotyping assays for 214 of them. Of these, 162 SNPs genotyped passed the quality control criteria. The average genotype call rate was 96%. Eighteen SNPs with minor allele frequency under 1% were discarded, leaving 144 markers for the association analyses. To ensure that the remaining markers still captured the variation in the 3p region adequately, we reassessed the coverage of these 144 tag SNPs using Haploview. The proportion of the genetic variation captured was calculated with reference to HapMap release 21. We employed aggressive tagging with 2-and 3-marker haplotype tags. The original 144 tag SNPs captured 76% of the alleles in the linkage region at r-squared 0.8. The average R 2 is 0.948.
Statistical Analyses for Association
The programs WHAP (ver 2.06) [Saxena et al., 2007] (http:// pngu.mgh.harvard.edu/purcell/whap/) and UNPHASED (ver 3.09) [Dudbridge, 2003] were used to screen all the 144 markers for both allelic and haplotype-based association. Genotype data were phased and haplotype frequencies were estimated using a standard E-M approach implemented in both programs. The programs performed a regression-based haplotype association test for all haplotypes. Moving window analyses were performed with single marker and with two to four consecutive markers as haplotypes. The false discovery rate (FDR) approach [Benjamini and Hochberg, 1995] was used to correct for multiple testing. Odds ratios and confidence intervals were calculated for the significant markers. LD statistics between markers were calculated and represented graphically by HaploView [Barrett et al., 2005] .
Prioritization of Genes Using Bioinformatics Tools
To incorporate biological significance into the consideration of potential candidate genes, we used the software Endeavor [Aerts et al., 2006] to rank all the genes included in our initial screen. Endeavor prioritizes candidate genes underlying diseases or biological pathways by their similarity to a set of ''training genes'' which are specified by the user. Training genes are those with previous evidence for association with a particular disease or pathway. The program assumes that genes involved in the same disease or pathway are likely to share features with the known candidates. The program employs up to 12 different data sources, such as pathway membership in KEGG, annotations in Gene Ontology, sequence similarity and protein interactions to assess the properties of the training set. The final ranking is obtained by combining all data sources using order statistics. Endeavor is among the most extensively validated software designed for this purpose. For example, it has been validated by leave-one-out cross-validations using 703 disease and pathway genes, and by in vivo studies in zebrafish [Aerts et al., 2006] . In the present study, a training set was selected from the SZgene database (http://www.schizophreniaforum.org/res/sczgene/default.asp accessed 17th September 2007) and a review article on SZ genetics by Straub and Weinberger [2006] . Genes in the ''Top Results'' list from SZgene, all of which have at least one variant showing a nominally significant result in meta-analyses, were selected, as well as those listed in Table I in Straub and Weinberger's review (list of training genes is shown in Table I ). To ensure the reliability of the rankings, we also repeated our analyses leaving one of the training genes out each time. This ensures that the results would not be seriously affected by individual training genes and protects against the risk that some training genes may later turn out to have no association with schizophrenia. We included all genes in the 47-53 Mb region on chromosome 3p as the testing set.
Weighted FDR Analysis
The rankings obtained from Endeavor were also used to weight the P-values obtained from the initial screen of the linkage region in a weighted FDR approach [Roeder et al., 2006] . The weight is based on the rankings of the 60 genes containing the genotyped markers. Different degrees of emphasis on biological information could be specified using different functions of the rankings; we used weights that were either directly proportional to ranking (linear weights) or to ranking squared (quadratic weights). Variants belonging to the same gene were given the same weighting. SNPs lying outside a gene were regarded as belonging to the nearest gene, provided that the gene was within 50 kb of the SNP.
Follow-Up Analyses of Identified Genes
For follow-up analyses, we used the WCLUSTAG [Sham et al., 2007] program for selection of additional tag SNPs within the most promising gene from the initial screen (which was neuroglycan C, see below). WCLUSTAG allows users to adjust the clustering threshold according to the location or presumed functional significance of the SNPs. In this study, the R 2 tagging threshold was set to be 1.0 for SNPs in coding regions, 0.8 for SNPs within 5 0 UTR, 3 0 UTR, 5 0 upstream and 3 0 downstream regions, and 0.3 for introns. We also genotyped possible interacting partners of neuroglycan C (NGC), namely NRG1, ErbB3, and ErbB4. NRG1 is the first member in the neuregulin family and is one of the most established susceptibility genes for SZ [Harrison and Law, 2006] . ErbB3 is a direct interacting partner of NGC while both ErbB3 and ErbB4 are binding receptors for NRG1 (see Discussion Section).
Potential interactions among genetic markers in the same or different genes were assessed by multifactor dimensionality reduction (MDR) [Ritchie et al., 2001; Hahn et al., 2003 ], a model-free approach for detecting interactions between loci in association studies. MDR reduces the multilocus genotype data to one dimension by classifying each multilocus genotype as either high-risk or low-risk by the ratio of affected individuals to unaffected individuals with that genotype. We used the standard 10-fold cross validation to evaluate the accuracy of prediction of 2-SNP and 3-SNP combinations and permutation tests to calculate empirical P-values. In order to test whether the interaction is significant over the main effects and whether the results are similar under a parametric approach, we also carried out logistic regression for interacting SNP pairs identified by MDR. The SNPs were coded in 0, 1, and 2 under the assumption of an additive model. The overall significance of interaction was assessed by a likelihood ratio test, comparing the full model (with all main effects and interaction terms) with the reduced model (with only the main effects).
Bioinformatics Analyses of Candidate Genes
We looked for functional domains that could be relevant to the disease for SNPs that showed statistically significant association. SNP sequences were downloaded from public databases. The sequences were submitted to Pfam [Finn et al., 2006] , a public protein family database. Pfam has a large collection of multiple sequence alignments and hidden Markov models covering many common protein domains and families. The Wise2 software package (http://www.ebi.ac.uk/Wise2/) was used to blast DNA and protein sequences. Multiple species alignment was obtained for the domains to which our significant markers belong. For the gene of interest, the domain structure of its protein was obtained from UniProt (Universal Protein Resource) (http:// www.pir.uniprot.org/). Gene expression information was obtained from the Stanford Microarray Database (http://genome-www5. stanford.edu/).
RESULTS

Association Screen Identified NGC as a Promising Candidate Gene for Schizophrenia
In single marker association analyses, four SNPs were found to be nominally significant at P < 0.05 ( Fig. 2 and Table II), although the global permutation P-value of the most significant of the 144 tests was only 0.3107. The best two markers rs3732530 (P ¼ 0.0048) and rs4858867 (P ¼ 0.0040) were situated in exon 2 in neuroglycan C (NGC, also known as chondroitin sulfate proteoglycan 5, or CSPG5) and intron 13 in microtubule associated protein 4 (MAP4), respectively. The R 2 between these 2 markers is 0.246. The false discovery rate (or q-value) for the top 2 markers was 0.343. P-values for all 144 markers in the initial screen are shown in Supplementary Table I. We further screened all possible haplotypes with sizes of two, three, and four markers (Supplementary Table II) . Haplotype analyses did not reveal any results with stronger significance than single locus analysis, with the best results being for haplotypes that clustered around the most significant SNPs in single-marker analyses. The best haplotype was formed by the markers rs3732530 and rs4858867 (P ¼ 0.0066).
We examined the LD structure of the associated regions based on HapMap data and noted that most of the significant signals from single-marker and haplotype analyses were clustered around an LD block containing the genes NGC, SMARCC1, DHX30, and MAP4. Our results suggested associations to Using all 31 training genes, Endeavor ranked NGC 8th, MAP4 29th, DHX30 57th, and SMARCC1 67th out of the 129 genes in the 6MB region scanned (Table III) . The NGC SNP rs3732530 had the lowest weighted P-value among the 144 genotyped SNPs. The weighted FDRs for rs3732530 were 0.411 and 0.302 under linear and quadratic weighting schemes, respectively. We repeated the analysis leaving each of the training genes out and calculated the average ranks. They were in general similar to the original ranks. The average rank of NGC was 9th and the actual leave-oneout rank ranged from 6th to 15th. The marker with the lowest weighted P-value using the average ranks was again rs3732530, having weighted FDRs of 0.413 and 0.303 respectively under linear and quadratic weighting schemes. We also calculated the weighted P-values in the least favorable scenario when NGC had the lowest leave-one-out rank (15th). Notably, the NGC SNP rs3732530 still achieved the lowest weighted P-value among the 144 genotyped markers.
As NGC was ranked by Endeavor as the most functionally relevant among the four genes in the implicated LD block and previous biological experiments also suggested a role of NGC in neurodevelopment (see Discussion Section), we believed that it is the most promising candidate in the region and further genotyped this gene and its interacting partners.
Follow-Up and MDR Analyses of NGC, NRG1, ErbB3, and ErbB4
In the follow-up phase, four out of seven markers tested within NGC showed nominally significant signals (P < 0.05). The best SNP in this gene (rs3732530) survived permutation correction for multiple testing within the gene (corrected P ¼ 0.024). Two haplotypes were also nominally significant and the best haplotype was formed by markers rs3732530 and rs12489865 (P ¼ 0.0179) ( Table IV, Supplementary Tables III and IV) .
For ErbB4, two markers (rs2371276 and rs13032249) were found to be significant with P-values 0.0063 and 0.0465, respectively. Four haplotypes also showed P < 0.05. Although the best ErbB4 marker did not withstand permutation correction, the q-values for the best two markers (NGC_5 and ErbB4_11) in the second stage of association analysis (considering all 58 SNPs) were 0.183. None of the NRG1 markers was significant when considered individually. However, three haplotypes showed nominal significance. The P-value for the most significant haplotype was 0.011, although this was not significant after permutation correction. No significant result was found in the three markers genotyped in ErbB3 (Table IV) .
In MDR analyses, five marker combinations were shown to be statistically significant by permutation tests which corrected for the inclusion of multiple SNPs. The results were significant at an FDR of 0.05. The best two-SNP model was composed of variants from NGC and NRG1, while the best three-SNP model included SNPs from ErbB4 and NRG1. Only the best 2-SNP model comprising NGC and NRG1 SNPs was also significant when logistic regression was employed (Table V) .
Bioinformatics Analysis for NGC
None of the significant NGC SNPs had flanking sequences that lie in any structural units, except one, rs3732530, which was found to be in the chondroitin sulfate attachment domain (accession number PF06566 in the Pfam database). This SNP is a non-synonymous SNP, in which the change of allele from T to G results in an amino acid change from Val to Gly. The sequence of this domain is highly conserved among mouse, rat, human, and chicken, with an additional leucine-and proline-rich sequence attached to the chondroitin sulfate chains in chicken. This domain together with the cytoplasmic domain form the major part of the NGC protein.
DISCUSSION
Using a fine-mapping strategy and a range of statistical tools such as WCLUSTAG, weighted FDR and MDR, we identified neuroglycan C (NGC), a membrane-spanning chondroitin sulfate proteoglycan, which is exclusively expressed in the brain, as a novel candidate gene for SZ. This finding is supported by both statistical and biological evidence.
In the association analyses, a non-synonymous SNP in NGC (rs3732530) showed a moderately high level of significance which survived permutation correction considering all the examined variants in the gene. Although a global permutation test for all 144 markers in the first screening stage did not show significance, the weighted FDR for the best two markers (in NGC and MAP4) was only 0.223, using quadratic weighting according to the rankings from Endeavor. It is noteworthy that NGC ranked 8th out of the 129 genes in the 6-MB region scanned and the highest among the genes lying in the same LD block.
Importantly, a large body of evidence from biological experiments also supports a role for NGC in the pathogenesis of SZ. NGC is exclusively expressed in the brain, and was discovered in the developing rat brain. NGC is first expressed at embryonic day 16 and the expression level continues to rise with a peak at the early postnatal period, coinciding with the period of active neurite formation and synaptogenesis in the rat brain. Expression of the gene decreases as the brain matures [Watanabe et al., 1995] . NGC is expressed in association with axons and dendrites in the CNS during development [Schumacher et al., 1997; Aono et al., 2000] . Nakanishi et al. [2006] showed that a recombinant ectodomain of NGC core protein enhances neurite outgrowth in rat neurons, supporting the idea that NGC is involved in neurodevelopment.
In addition, CALEB (chicken acidic leucine-rich EGF-like domain containing brain protein), a chick homolog of NGC, demonstrates biological functions associated with pathogenesis of schizophrenia. Expression of CALEB is restricted to the developing and adult nervous system. The component containing chondrotin sulfate was expressed in the embryonic nervous system and downregulated in the adult. CALEB is involved in neurite formation; antibodies against CALEB result in impairment of neurite extension in a permissive environment [Schumacher et al., 1997] . Another [Juttner et al., 2005] showed that CALEB-deficient mice exhibit impaired synapse function in early postnatal stages. NGC has been implicated in the effects of methamphetamine and cocaine, two drugs that are known to produce psychotic symptoms such as paranoid delusions and hallucinations. Ishikawa et al. [2006] reported that repeated administration of methamphetamine significantly increased mRNA levels of NGC in numerous rat brain areas, such as frontal cortex, nucleus accumbens and hippocampus. Moreover, NGC protein levels in the nucleus accumbens increased in rats repeatedly treated by methamphetamine. Up-regulation in both mRNA and protein levels of NGC was also found in chronic cocaine-treated rats [Toda et al., 2002] .
NGC possesses an EGF-like extracellular domain and is an active growth factor. It is considered to be the sixth member of the neuregulin family, as it acts as a direct ligand for ErbB3 tyrosine kinases that can transactivate ErbB2 [Kinugasa et al., 2004] . Neuregulin 1 (NRG1), the first member of the neuregulin family, is a strong candidate gene for SZ. It is involved in a large variety of processes that may be relevant to the pathogenesis of SZ, such as neuronal migration, oligodendrocyte development, myelin formation, and neurotransmitter receptor (particularly NMDA receptor) function [Corfas et al., 2004; Harrison and Law, 2006] . Being another member of the neuregulin family, NGC might share some of the functional properties with NRG1 and hence may be involved in the pathogenesis of SZ.
NRG1 has been reported to be associated with SZ in different populations. The initial study on NRG1 by Stefansson et al. [2002] and many other studies [Yang et al., 2003; Corvin et al., 2004; Hall et al., 2004; Li et al., 2004 Li et al., , 2006 Tang et al., 2004; Zhao et al., 2004] identified SNPs and haplotypes near the 5 0 end of the gene to be associated with SZ. On the other hand, the 3 0 end region was also implicated in a few studies [Yang et al., 2003; Li et al., 2004; Petryshen et al., 2005] , 2003; Li et al., 2004] . The 5 0 and 3 0 regions containing susceptibility variants were designated regions A and B by Thomson et al. [2007] . Interestingly, the risk haplotypes identified in this study are between regions A and B, a region of this large gene (1.1 Mb) that most previous studies have not thoroughly screened, except Thomson et al. [2007] and Benzel et al. [2007] . Further comprehensive studies of NRG1 may be warranted, especially in non-Caucasian groups.
NRG1-ErbB signaling regulates a variety of processes that may be involved in SZ [Corfas et al., 2004] . ErbB3 and ErbB4 are hence good functional candidate genes for SZ. ErbB3 is a direct interacting partner of NGC. Three microarray studies [Hakak et al., 2001; Tkachev et al., 2003; Aston et al., 2004] have shown that ErbB3, as a myelination-related gene, has altered expression in the post-mortem brains of schizophrenic patients. Oligodendrocyte dysfunction and disturbances in myelination are receiving increasing attention as important mechanisms underlying SZ [Karoutzou et al., 2008] . ErbB3 has also been examined previously in three association studies [Benzel et al., 2007; Kanazawa et al., 2007; Watanabe et al., 2007] , but no susceptibility variants have been identified. We also failed to find any positive associations in ErbB3 in this study.
ErbB4 is another biological candidate for SZ and association studies have been performed on this gene. Silberberg et al. [2006] identified three SNPs in ErbB4 which showed marked differences in allele and genotype frequencies between schizophrenic patients and controls. Benzel et al. [2007] screened 109 SNPs in ErbB4 and found 14 SNPs with P-values <0.05 in either genotypic or allelic tests. Our study is the first to investigate ErbB4 polymorphisms in an Asian population. The two nominally significant SNPs and four-marker haplotype did not withstand permutation correction, but the FDR of the most significant ErbB4 SNP was nevertheless 0.183, which can be considered suggestive, though not conclusive.
It should be noted that as the focus of the current study is on finemapping of chromosome 3p and discovery of NGC as a novel candidate gene, the genotyping coverage of the above interacting partners (NRG1, ErbB3, and ErbB4) may not be comprehensive enough. It is therefore possible that some susceptibility variants in these genes were not captured.
The finding in the MDR analyses of significant statistical interactions between SNPs at NGC and NRG1 is intriguing as these two genes are both members of the neuregulin family and share ErbB3 as a receptor. Thus it is plausible that they may play complementary or synergistic roles in the pathogenesis of schizophrenia, for example, in neurodevelopmental processes. Notably, the interaction between this pair of SNPs was also confirmed by logistic regression and the interaction was significant over the main effects. We also identified two sets of 3-locus interactions between NRG1 and ErbB4, consistent with the results of functional and association studies showing these two genes interact. Statistical epistasis between the Icelandic haplotype of NRG1 and a ErbB4 variant was previously reported by Norton et al. [2006] . Interestingly, we found statistical interaction between NGC and ErbB4 that was also modestly significant. Previous experiments showed that NGC directly binds to ErbB3 but not to ErbB4. Although NGC and ErbB4 may not be direct interacting partners, the two genes may be involved in complementary pathways related to brain development or other processes implicated in SZ. NGC, NRG1, and ErbB4 may be part of a network regulating a variety of processes involved in SZ.
Although these three-locus interactions were biologically plausible and supported by MDR, they did not show significance when logistic regression was used. This may be due to the different nature of the two approaches. MDR is non-parametric and completely model-free. MDR requires no mode of inheritance to be specified as any multilocus genotype can be formed as the high-risk or low-risk groups. It has high power to detect interactions in the absence of main effects . Despite being more flexible, the genotype patterns identified by MDR may be very complex and difficult to interpret. On the other hand, logistic regression is a form of generalized linear model and does not involve partitioning of genotype combinations into high-risk and low-risk groups. Logistic regression may run into problems when dealing with large numbers of SNPs as the number of possible interaction terms increases rapidly with each additional SNP. Inclusion of too many independent variables with respect to the number of outcome events increases type 1 and type 2 errors [Peduzzi et al., 1996 ]. An inheritance model is often assumed to limit the number of terms in the regression model (we assumed an additive model in this study). However, logistic regression has an advantage over MDR in that it allows evaluation of interaction controlling for main effects. In view of the substantial differences between the two methods, some discrepancies between the test results are expected. Nevertheless, one should also alert to the possibility of false positives, particularly because we have included all SNPs regardless P-values for logistic regression were derived by comparing the full model (with all main effects and interaction terms) with the reduced model (with only the main effects). P < 0.05 are in bold.
of whether they were independently associated with the disease. The interactions identified in this study should not be regarded as confirmatory and further association and functional studies are required to clarify the findings. ErbB3 was not found in the interacting pairs in this study. However, its functional importance cannot be excluded. It is possible that the functional variant has not been captured (e.g., the variant may be a rare one) or there may be variants lying outside the gene which regulate its expression.
In summary, we have performed a high-density association screen of a high-LD, gene-rich region on chromosome 3p and discovered NGC as a novel candidate gene for SZ. A role for NGC in SZ is supported by previous biological findings. Our methodology demonstrates the use of tag SNPs, bioinformatics tools, weighted FDR and MDR in association studies to identify new susceptibility genes for complex diseases. Although our study provides statistical evidence for the involvement of NGC and other candidate genes in SZ, our results cannot be considered conclusive. Further replications, preferably with larger samples and in other populations, are desirable for validation of our findings.
